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Abstract 
The intrinsic magnetic properties of Ce2Fe14-xCoxB (x≤4.76) are studied at 25°C using 
key alloys annealed at 900°C for 25 days. The saturation magnetization (Ms) and the 
Curie temperature (Tc) of Ce2Fe14-xCoxB increase with Co content. However, the 
anisotropy field (Ha) of Ce2Fe14-xCoxB diminishes precipitously with Co content. The 
process of crystal structure refinement indicates that the saturation magnetization of 
Ce2Fe14-xCoxB is related to the site occupancy of Co atoms at different Fe atomic sites. 
Co atoms prefer to occupy 8j2 site, followed by 16k2, 4e and 16k1 sites sequentially. 
Moreover, Co atoms occupying 8j2 site are more effective leading to an increase in the 
Ms. The individual effects of Ni or Cu on the intrinsic magnetic properties of Ce2Fe12.98-
xCo1.02NixB and Ce2Fe12.98-yCo1.02CuyB are evaluated. The maximum solid solubilities of 
Ni and Cu in Ce2Fe12.98Co1.02B at 900ºC are found to be 8 at.% and 0.8 at.%, respectively. 
Ni or Cu enhances Tc, but decreases both Ms and Ha of Ce2Fe12.98Co1.02B. The paper also 
discussed the combined effects of Ni and Cu on the intrinsic magnetic properties of 
Ce2Fe12.98Co1.02B. The Ms of Ce2Fe12.98-x-yCo1.02NixCuyB (0≤x≤0.41, y≈0.119) increases 
after doping with both Ni and Cu, reaching around 155 emu/g. Meanwhile, the Ha and the 
Tc are measured to be near 24 kOe and 280°C, respectively.  
Keywords: Permanent magnets; magnetic measurement; magnetic Ce2Fe14-xCoxB; 
saturation magnetization; anisotropy field; Curie temperature 
1. Introduction 
Rare-earth (RE) based permanent magnets exhibit considerably higher coercivity and 
energy product than the traditional AlNiCo alloys and hard ferrites [1]. The discovery of 
Nd2Fe14B-based permanent magnets made it possible for crucial energy efficient 
technologies such as wind turbines, hybrid vehicle motors and others to come into 















costs of the less abundant rare earth metals, including Sm and Dy, necessitates the 
development of new Fe-based magnets using a relatively abundant and inexpensive rare 
earth metals such as Ce. Despite the inferior magnetic properties of Ce2Fe14B compared 
to Nd2Fe14B, it can still be used in less demanding industrial applications [3]. Co was 
recognized as a potential additive to improve Curie temperature of Ce2Fe14B in order to 
enable its use at high working temperatures [4]. Thus, the Ce-Fe-Co-B system proves to 
be promising with regard to magnetic phases, especially in the Fe-rich corner, displaying 
superior magnetic properties to ferrite. For example, the Ms should be higher than 80 
emu/g which is the Ms value of CoFe2O4 [5], and the Curie temperature should be high 
enough to maintain magnetic performance with increasing temperature as well as having 
low cost for the automotive or electromechanical applications.  
It was reported that magnetic Ce2Fe14-xCoxB (0≤x≤4.76) is formed in the Ce-Fe-Co-B 
system [6]. To introduce a practical hard magnet, the most important step is the 
determination of its intrinsic magnetic properties. If the results are encouraging, further 
development can be implemented [7]. However, limited information can be found 
regarding the intrinsic magnetic properties of Ce2(Fe, Co)14B in the literature. Moreover, 
it is essential to understand how the magnetic properties change within the solubility limit 
of Co in the Ce2Fe14B compound. Hence, these properties are determined in this study for 
Ce2Fe14-xCoxB (0≤x≤4.76) through the analysis of bulk homogenized alloys.  
In the development of magnets, additives are always used for the enhancement of their 
magnetic properties as well as their thermal stability [8]. However, in many cases, certain 
properties of permanent magnets are improved by additives while other properties may 
worsen further. In most permanent magnets, a secondary phase is required to prevent the 
formation of reverse magnetic domains that demagnetize the material [8]. The additives 
modify the nature of the dominating magnetic phases and the composition of the 
intergranular secondary phases which thereby influencing the microstructure and the 
properties. The presence of Ni and Cu was reported to be beneficial to the magnetic 
properties of Nd2Fe14B magnets, in particular for improving their thermal stability [8-10]. 
Orimoloye et al. [17] used a similar methodology to the current work to measure the 















current work, they used different additives to modify Ce2Fe14B without doping it with Co 
first. They found that Al, Ni, and Si are detrimental to the saturation magnetization and 
the anisotropy field; whereas, Ni and Si improve the Curie temperature of Ce2Fe14B. So 
far, limited literature data can be found regarding the effects of these additives on Ce2(Fe, 
Co)14B. In order to aid the development of Ce-containing permeant magnets, this paper 
will attempt to understand the effects of Ni and Cu along with Co on the intrinsic 
magnetic properties of Ce2(Fe, Co)14B.  
2. Experimental procedure 
Polycrystalline Ce2(Fe, Co)14B,  Ce2(Fe, Co, Ni)14B, Ce2(Fe, Co, Cu)14B and Ce2(Fe, Co, 
Ni, Cu)14B alloys were prepared under argon atmosphere using an arc-melting furnace 
which is equipped with a water-cooled copper crucible and a non-consumable tungsten 
electrode. Constituent elements with a purity of 99 wt% or higher were used as starting 
materials. All the elements were supplied by Alfa Aesar® (Haverhill, MA, USA). Every 
alloy had to be molten several times to ensure homogeneity. The as-cast alloys were then 
encapsulated inside quartz tubes under vacuum for the process of annealing. After 
sufficient annealing time, which ranged from 20 to 25 days, the alloys were quenched in 
a cold-water bath in order to obtain a homogenized structure. The actual global 
compositions of the alloys were determined by means of the Scanning Electron 
Microscope (SEM) (HITACHI S-3400N, HITACHI, Tokyo, Japan) coupled with the 
Energy Dispersive X-ray Spectroscopes (EDS) using area mapping. Three maps were 
taken for each sample. Further, the difference between the three scans was studied, which 
was found to be less than ±2 at.% for all the elements. The quenched samples were cut 
into several pieces. One piece was grinded and polished down to 1 µm to be analyzed by 
an SEM coupled with a Wavelength Dispersive X-ray Spectroscopes (WDS). A few 
pieces were crushed into fine powder for X-ray Diffraction (XRD) analysis. XRD was 
performed on the key alloys using the PANAnalytical Xpert Pro X-ray diffractometer 
(PANAnalytical, Almelo, The Netherlands) with a CuKα radiation at 45 kV and 40mA. 
The XRD patterns were analyzed using the X’Pert Highscore plus software [11] and 
Rietveld analysis. The crystal structure prototypes used in XRD analysis were taken from 















The saturation magnetization and anisotropy field were measured using the Quantum 
Design Physical Property Measurement System (PPMS-9T, San Diego, CA, USA) at 298 
K. The samples were cut into cubic shapes of approximately 25 mg weight. The 
saturation magnetization was obtained in external field up to 50 kOe. Since Ce-Fe-Co-B 
is a complex multi-component system, it is extremely difficult to obtain single phase 
sample, especially because certain magnetic phases such as Ce2(Fe, Co)14B form through 
a peritectic reaction [6]. Practically, in order for the magnetic properties of the alloys to 
be attributed to the magnetic phase, samples should contain at least seventy mass percent 
of the magnetic phase of interest with certain amounts of secondary phases which could 
help impeding domain wall motion [3]. In this research, over 80 wt.% of the magnetic 
phase was obtained in all the samples after the annealing process. However, to describe 
the saturation magnetization precisely, all the Ms results of the Ce2Fe14B solid solutions 
(e.g. MsCe2Fe14-xCoxB) reported in this paper have been corrected based on the following 
equation [19]: 
                       Mssample = (wiCe2Fe14-xCoxB × MsCe2Fe14-xCoxB + wiimp × Msimp) / 100          (1) 
where Mssample is the saturation magnetization of the sample obtained using PPMS; 
wi
Ce2Fe14-xCoxB
 and wiimp are the weight percentages of Ce2Fe14-xCoxB and impurity 
respectively, obtained using XRD through Rietveld analysis; Msimp is the saturation 
magnetization of the impurity taken from the literature. The magnetic anisotropy field 
was determined by the Singular Point Detection (SPD) method, using the second 
derivative of magnetization (d2M/dH2) [13-15].  
Curie temperature was measured by TA instruments Q50 (New Castle, DE, USA) 
thermogravimetric analysis (TGA) with a constant magnetic field applied to the sample. 
Pure Ni was used as a calibration standard. The error in Curie temperature measurement 
of Ni was observed to be ±3°C. The Curie temperature of the magnetic compound and its 
dependence on compositions are studied and discussed in this paper. All the intrinsic 
magnetic property measurements were repeated two or four times. The differences 
between the two measurements were noted to be less than 3.2 emu/g for Ms, 2.7 kOe for 
Ha, and 4.1 °C for Tc and the average values were reported.  















3.1. Intrinsic magnetic properties of Ce2Fe14-xCoxB 
The ferromagnetic tetragonal P42/mnm Ce2Fe14B has attracted the attention of 
researchers hoping to build low cost magnets with acceptable magnetic properties 
suitable for automobile applications. The Co substitution for Fe enhanced the thermal 
stability of Ce2Fe14-xCoxB [4]. The maximum solubility of Ce2Fe14-xCoxB was reported as 
28 at.% Co (x=4.76) at 900°C [6]. The details of the influence of Co substitution on the 
lattice parameters and lattice volume of Ce2Fe14-xCoxB can be found in [6, 19]. Seven key 
alloys named KAs 1 to 7 were prepared along the homogeneity range of Ce2Fe14-xCoxB 
by substituting different amounts of Fe with Co. The dominating Ce2(Fe, Co)14B along 
with a small amount of impurities (such as α-(Fe, Co)) were obtained after the annealing 
process. Based on the WDS analysis, α-(Fe, Co) was found to dissolve up to 28 at.% Co. 
The Ms of α-(Fe, Co) at around 0, 10, 20, 30 at.%  Co were reported to vary from 205 to 
225 emu/g [18]. The Ms value of Ce2Fe14-xCoxB with different amounts of Co content is 
calculated using equation 1. 
The influence of compositional variations on the intrinsic properties of Ce2Fe14-xCoxB has 
been studied and presented in Table 1. The magnetic measurements of Ce2Fe14-xCoxB 
were also compared with the dopant-free Ce2Fe14B reference material. The compositional 
dependence of saturation magnetization, anisotropy field and Curie temperature of 
Ce2Fe14-xCoxB are plotted in Figures 1 and 2. The dotted lines in these figures are an 
approximate fit of the data. 















Ce2Fe14B Ce13.4Fe80.0B6.6 0 0 130.0 28.1 151 [16] 
KA 1 Ce13.2Fe76.8Co3.1B6.9 3 0.51 133.9 29.2 227 
KA 2 Ce14.6Fe72.8Co6.7B5.9 6 1.02 140.1  29.3 234 
KA 3 Ce15.3Fe67.6Co9.3B7.8 9 1.53 145.1 25.5 271 
KA 4 Ce13.5Fe69.6Co12.3B4.6 14 2.38 149.3 22.7 313 
KA 5 Ce14.7Fe59.2Co17.8B8.3 18 3.06 153.8 21.7 351 
KA 6 Ce13.4Fe61.1Co20.3B5.2 22 3.74 154.8 19.4 405 
KA 7 Ce13.7Fe53Co30.5B4.9 28 4.76 155.1 13.2 467 
The Ms and Ha of dopant-free Ce2Fe14B are determined in this study, which are also 















25°C is measured as 130 emu/g which is approximately 982.8 kA/m using the density of 
Ce2Fe14B reported in [16]. This value is observed to be around 5% greater than the 931.1 
kA/m reported by Herbst et al. [3] for Ce2Fe14B at 22°C. Such a difference may be due to 
the contribution of secondary phases such as α-Fe, which is also observed by Kayode et 
al. [17]. The Ha of dopant-free Ce2Fe14B is measured as 28.1 kOe which is 8% higher 
than the 26.0 kOe value reported in the literature [20-21]. As shown in Figure 1 (a), the 
saturation magnetization of Ce2Fe14-xCoxB is enhanced by Co substitution and becomes 
closer to that of Nd2Fe14B. By substituting 3 at.% Co (x=0.51) for Fe, the Ms was 
measured as 133.9 emu/g, which is higher than that of the dopant-free Ce2Fe14B 
compound. And the Ms increased by approximately 1.32 emu/g for each 1 at.% 
substitution of Fe by Co up to 18 at.% Co (x≤3.06). However, the Ms value of Ce2Fe14-
xCoxB did not increase considerably when the Co content was over 18 at.% and the rate 
was around 0.13 emu/g per 1 at.% Co. Ce2Fe14-xCoxB was observed to have the highest 
Ms value of 155.1 emu/g upon reaching the solubility limit of 28 at.% Co (x=4.76). With 
the influence of Co, the observed Ms value of Ce2Fe14-xCoxB exhibited a different 
tendency compared to that of R2(Fe, Co)14B (R=Y, Nd and Gd) in [22]. The Ms dropped 
proportionally with the Co content in R2(Fe, Co)14B (R=Y, Nd and Gd). On the other 
hand, the Ms of Ce2Fe14-xCoxB showed an increasing trend with Co. This different 
behavior might be due to the hybridization between the Ce 4f and Co 3d states which 
results in a strong induced polarization of Ce (4f+5d) states that brings large orbital 
moments at the Ce sites [23]. Also, the influence of Co on the saturation magnetization of 
Ce2Fe14-xCoxB could be related to the Co occupancy on different Fe sites, which will be 
discussed in the next section. 
The anisotropy field of Ce2Fe14-xCoxB with 3 at.% Co (x=0.51) was comparable to 
dopant-free Ce2Fe14B and it showed a slightly increase to 29.3 kOe in the presence of 6 
at.% Co (x=1.02). However, it is still inferior to that of Nd2Fe14B as shown in Figure 1 
(b). Beyond this composition, Ha of Ce2Fe14-xCoxB dropped monotonically with Co 
concentration. It decreased nearly at about 0.7 kOe for each 1 at.% substitution of Fe by 
Co. This behavior reflects the reduction of the uniaxial magnetocrystalline anisotropy 
which was reported by [4]. The decrease in the magnetic anisotropy of Ce2Fe14-xCoxB 















reduction in the size of Ce2Fe14-xCoxB particles. Large particles reduce the contributions 
of crystal-symmetry which thereby influences the shape anisotropy and decreases the 
global anisotropy [6]. The influences of Co content on the anisotropy field and Curie 
temperature of Ce2Fe14-xCoxB are presented in Table 1. In general, Co substitution 
reduces the anisotropy field but increases the Curie temperature as well as the saturation 
magnetization of Ce2Fe14-xCoxB.  
 
                                       (a)                                                           (b) 
Figure 1. Compositional dependence of (a) saturation magnetization; (b) anisotropy field 
of Ce2Fe14-xCoxB at 25°C. The thickness of Nd2Fe14B line represents the variation in the 
literature data. 
The Curie temperature of dopant-free Ce2Fe14B was reported to be 151°C [16]. Based on 
the current observation, the Curie temperature of Ce2Fe14-xCoxB increased proportionally 
with Co concentration, approximately 11.3°C for each 1 at.% Fe substituted by Co from 
pure Ce2Fe14B to Ce2Fe9.24Co4.76B as shown in Figure 2. This is principally because the 
Co-Co exchange interaction is stronger than that of Co-Fe or Fe-Fe interactions [24]. As 
more Co ions are distributed into the lattice, the Fe-Fe interactions are gradually replaced 
by Co-Fe and then by Co-Co, which leads to an enhancement of the Curie temperature of 
Ce2Fe14-xCoxB. The maximum Tc was measured as 467°C at 28 at.% Co (x=4.76), 
surpassing the value of the un-doped Nd2Fe14B compound, as can be seen in Figure 2. A 
similar study has been done by Skoug et al. [4], where the Curie temperature of Ce3Fe14-
xCoxB melt-spun ribbons was measured. They found that the Curie temperature increased 















comparison of their results [4] with the current work in Figure 2, a similar trend was 
observed in both, as the Tc increases almost linearly with the Co content. However, in the 
current study, Curie temperature of Ce2Fe14-xCoxB is, on an average 50°C higher than that 
reported in [4]. The differences in Curie temperature of nanomaterials and bulk 
polycrystalline materials was also reported by Dominguez et al. [25]. They found as a 
result of the effect of particle size, the Curie temperature of CoFe2O4 nanoparticles was 
observed to be less than that of bulk materials [25]. A similar finding in this study with 
regard to the difference in Curie temperature suggested that such difference could be due 
to the particle size effect. The melt-spun ribbons were found to contain smaller grains 
compared to the annealed polycrystalline bulk materials [25]. In melt-spun materials, 
fluctuations of electron spins become more prominent, which could potentially reduce the 
magnetic exchange interaction. Thus, the order-disorder transition of magnetic moments 
in melt-spun ribbons could be achieved at a relatively lower temperature than the bulk 
materials, which leads to the lower Curie temperature [25].   
 
Figure 2. Current Curie temperature measurements in relation to Skoug et al. [4], Herbst 
[16] and Huang et al. [22]. 
The Ms of Nd2Fe14B was reported as 16 kG (167.6 emu/g) at 22°C with Ha of 71~73 kOe 
and Tc of around 312°C [16, 22]. By substitution of Co for Fe in Ce2Fe14-xCoxB, the Ms 















Nd2Fe14B, and even the Tc is observed to be greater when containing Co content over 14 
at.% (x≥2.38), as can be seen in Figures 1 (a) and 2. This indicates that Co-doped 
Ce2Fe14B is a promising permanent magnet candidate which should be considered for 
further development. Hence, Co-containing Ce2Fe14B solid solutions form the basis for 
the rest of the analysis presented in this paper. In general, Ce2Fe14-xCoxB with 28 at.% Co 
(x=4.76) manifests the highest saturation magnetization and Curie temperature, but with 
the lowest anisotropy field. When selecting a potential permanent magnet for certain 
applications, an intermediate composition between 3 to 18 at.% Co (0.51≤x≤3.06) with 
high Curie temperature and saturation magnetization but with acceptable anisotropy field 
might be the most suitable.  
3.2. Crystal structure refinement of Ce2Fe14-xCoxB 
The preference of Co occupancies on six crystallographically inequivalent Fe sites of 
Nd2(Fe, Co)14B have been studied by Liao et al. [26]. Their results clearly indicate that 
Co prefers the 8j2 and 16k2 sites. Besides, Co atoms were seen to strongly avoid the 8j1 
site. The 16k1 and 4e sites were observed to be randomly populated by the remaining Co 
atoms, while they also showed a small avoidance concerning the 4c site [26]. All the sites 
avoided by Co were found to be associated with the largest iron hyperfine fields, while 
the preferred sites tended to be those with small hyperfine fields [26]. It is known that the 
change of the average atomic size, caused by replacing Fe atoms with others, can be 
correlated with the change in the effective magnetic moment of hyperfine fields [27]. 
Therefore, it can be said that as the magnetic moment of the magnetic phase is associated 
with Fe atoms, whereas the change in the value of hyperfine fields caused by additives is 
related to the change in the magnetic moment [26]. This explains why modest Co 
additions to iron-based magnetic alloys generally lead to an increase in magnetization.  
Table 2 presents the refined crystal structure parameters of Ce2Fe14-xCoxB and its 
reliability factors. The current refinement of structure parameters of Ce2Fe14-xCoxB shows 
consistent results with the study of Nd2Fe14-xCoxB in [26]. The decrease in the unit cell 
parameters is in favor of the Co occupancy at 8j2 site. The prerequisite substitutional 
position of 8j2 site has also been confirmed by the shortest lengths of Fe-Fe bond as can 















indicating that the Fe4 position has higher potential to be substituted by the Co smaller 
atoms because shorter distance results in higher potential energy and more reactivity. 
Therefore, replacing Fe4 by Co atoms lowers the total energy enabling the materials to 
reach equilibrium. Once the 8j2 site are completely occupied by Co atoms, Fe atoms start 
to be replaced sequentially by Co on 16k2, 4e, and 16k1 sites.  









x y z 
Re Rwp s 
KA 1 Fe1-16k1 0.0671 0.2765 0.1269 Fe 100.0 19.48 23.07 0.71 
 Fe2-16k2 0.0379 0.3587 0.3237 Fe 100.0    
 Fe3-8j1 0.3174 0.3174 0.2535 Fe 100.0    
 FeCo4-8j2 0.0979 0.0979 0.2951 Co 27.1    
 Fe5-4e 0 0 0.1144 Fe 100.0    
 Fe6-4c 0 0.5 0 Fe 100.0    
 Ce1-4g 0.2313 0.7687 0 Ce 100.0    
 Ce2-4f 0.3585 0.3585 0 Ce 100.0    
 B-4f 0.1243 0.1243 0 B 100.0    
KA 2 Fe1-16k1 0.0671 0.2765 0.1269 Fe 100.0 21.06 23.66 0.79 
 Fe2-16k2 0.0379 0.3587 0.3237 Fe 100.0    
 Fe3-8j1 0.3174 0.3174 0.2535 Fe 100.0    
 FeCo4-8j2 0.0979 0.0979 0.2951 Co 53.2    
 Fe5-4e 0 0 0.1144 Fe 100.0    
 Fe6-4c 0 0.5 0 Fe 100.0    
 Ce1-4g 0.2313 0.7687 0 Ce 100.0    
 Ce2-4f 0.3585 0.3585 0 Ce 100.0    
 B-4f 0.1243 0.1243 0 B 100.0    
KA 3  Fe1-16k1 0.0671 0.2765 0.1269 Fe 100.0 22.25 30.03 1.82 
 Fe2-16k2 0.0379 0.3587 0.3237 Fe 100.0    
 Fe3-8j1 0.3174 0.3174 0.2535 Fe 100.0    
 FeCo4-8j2 0.0979 0.0979 0.2951 Co 82.9    
 Fe5-4e 0 0 0.1144 Fe 100.0    
 Fe6-4c 0 0.5 0 Fe 100.0    
 Ce1-4g 0.2313 0.7687 0 Ce 100.0    
 Ce2-4f 0.3585 0.3585 0 Ce 100.0    
 B-4f 0.1243 0.1243 0 B 100.0    
KA 4  Fe1-16k1 0.0671 0.2765 0.1269 Fe 100.0 21.86 29.31 1.79 
 FeCo2-16k2 0.0379 0.3587 0.3237 Co 0.6    
 Fe3-8j1 0.3174 0.3174 0.2535 Fe 100.0    
 Co4-8j2 0.0979 0.0979 0.2951 Co 100.0    
 Fe5-4e 0 0 0.1144 Fe 100.0    
 Fe6-4c 0 0.5 0 Fe 100.0    
 Ce1-4g 0.2313 0.7687 0 Ce 100.0    
 Ce2-4f 0.3585 0.3585 0 Ce 100.0    
 B-4f 0.1243 0.1243 0 B 100.0    
KA 5  Fe1-16k1 0.0671 0.2765 0.1269 Fe 100.0 23.96 27.11 1.27 















 Fe3-8j1 0.3174 0.3174 0.2535 Fe 100.0    
 Co4-8j2 0.0979 0.0979 0.2951 Co 100.0    
 Fe5-4e 0 0 0.1144 Fe 100.0    
 Fe6-4c 0 0.5 0 Fe 100.0    
 Ce1-4g 0.2313 0.7687 0 Ce 100.0    
 Ce2-4f 0.3585 0.3585 0 Ce 100.0    
 B-4f 0.1243 0.1243 0 B 100.0    
KA 6  Fe1-16k1 0.0671 0.2765 0.1269 Fe 100.0 22.98 26.49 1.32 
 FeCo2-16k2 0.0379 0.3587 0.3237 Co 34.5    
 Fe3-8j1 0.3174 0.3174 0.2535 Fe 100.0    
 Co4-8j2 0.0979 0.0979 0.2951 Co 100.0    
 FeCo5-4e 0 0 0.1144 Co 6.5    
 Fe6-4c 0 0.5 0 Fe 100.0    
 Ce1-4g 0.2313 0.7687 0 Ce 100.0    
 Ce2-4f 0.3585 0.3585 0 Ce 100.0    
 B-4f 0.1243 0.1243 0 B 100.0    
KA 7  FeCo1-16k1 0.0671 0.2765 0.1269 Co 3.5 22.64 30.86 1.85 
 FeCo2-16k2 0.0379 0.3587 0.3237 Co 43.4    
 Fe3-8j1 0.3174 0.3174 0.2535 Fe 100.0    
 Co4-8j2 0.0979 0.0979 0.2951 Co 100.0    
 FeCo5-4e 0 0 0.1144 Co 19.5    
 Fe6-4c 0 0.5 0 Fe 100.0    
 Ce1-4g 0.2313 0.7687 0 Ce 100.0    
 Ce2-4f 0.3585 0.3585 0 Ce 100.0    
 B-4f 0.1243 0.1243 0 B 100.0    
* Reliability factors: Re is the value statistically expected; Rwp is the weighted summation 
of residuals of the least squared fit; s presents the goodness of fit. 
Table 3. Atomic Fe-Fe bond lengths of Ce2Fe14-xCoxB. The bold values represent the 
shortest atomic Fe-Fe bond. 
Atom 1 Atom2 Distance (Å) 
Fe1 Fe5 2.497 
Fe1 Fe6 2.554 
Fe1 Fe4 2.576 
Fe1 Fe1 2.594 
Fe1 Fe3 2.696 
Fe2 Fe4 2.369 
Fe2 Fe1 2.454 
Fe2 Fe6 2.483 
Fe2 Fe2 2.539 
Fe2 Fe3 2.616 
Fe4 Fe4 2.426 
Fe4 Fe5 2.494 
Fe4 Fe3 2.633 
Fe3 Fe5 2.767 
Fe5 Fe5 2.760 
The fractional atomic occupancy of 8j2, 16k2, 4e and 16k1 sites of Ce2Fe14-xCoxB have 















When adding Co and Ni, the reduction in effective magnetic hyperfine fields is 
proportional to the electrons number in partially filled 3d and 4d shell [28]. On the other 
hand, when adding Cu, the reduction in the effective magnetic hyperfine fields is directly 
proportional to the number of electrons in the outer electron shell and inversely 
proportional to the number of electrons of the additive element [28]. As Co occupies the 
Fe sites with low hyperfine fields, an increase of saturation magnetization of magnetic 
phase is achieved. Relating Figure 3 to the saturation magnetization of Ce2Fe14-xCoxB in 
Figure 1 (a), an increase is observed in saturation magnetization when x≤2.38 is related to 
the continuous occupancy of Co atoms at 8j2 site. Later, the Co occupancy at other Fe 
sites does not influence the saturation magnetization significantly. However, the Co 
substitution in the unit cell leads to a stronger average exchange interaction which may be 
responsible for the significantly higher Curie temperature [29] and for the continuous 
increase of its value with Co concentration. The coordination spheres and atomic 
substitution of Fe by Co for the different atomic coordinates have been identified and 
presented in Figure 4. The sequence of Co substitution on Fe sites gradually occupying 
8j2 site of Ce2Fe14-xCoxB is followed by the sequentially occupation of 16k2, 4e and 16k1 
sites, both of which have been illustrated in this figure. 
 
















Figure 4. The coordination spheres of dynamic atomic substitution of Fe by Co with 
different atomic coordinates: (a) before Co substitution in Ce2Fe14B; (b) to (c) 
substitution of Fe atoms by Co atoms on 8j2 site until they are completely occupied by 
Co and then started to occupy 16k2 site; (d) to (e) the substitution of Fe by Co atoms on 
4e and 16k1 sites. 
3.3. Intrinsic magnetic properties of Ce2Fe12.98-xCo1.02NixB and Ce2Fe12.98-xCo1.02CuxB 
Ce2Fe14-xCoxB with 6 at.% Co (x=1.02) was found to have the highest anisotropy field 
(Ha=29.3 kOe) with a saturation magnetization of 140.1 emu/g and Curie temperature of 
234°C in the range between 0 and 28 at.% Co (0≤x≤4.76). According to the research of 
Fan et al. [30], the substitution of Ni for Co was detrimental to the Curie temperature of 
the FeCoZrBCu magnet. In order to maintain the thermal stability as well as the high 
anisotropy field of Ce2(Fe, Co)14B, six Ni-doped Ce2(Fe, Co)14B alloys were designed by 
keeping the Co concentration constant at 6 at.%, while substitutions occurred between Fe 
and Ni. The chemical compositions were presented by the formula of Ce2Fe12.98-
xCo1.02NixB. Fe was substituted by around 0.5, 1, 3, 5, 7, 10 and 13 at.% Ni to study the 
effect of Ni on the intrinsic magnetic properties and measure the homogeneity range of 
Ce2Fe12.98-xCo1.02NixB at 900°C. The dominant Ce2Fe12.98-xCo1.02NixB was obtained in 
KAs 8 to 12. As the Ni content increased to 10 at.% in the global composition, the 
quantity of Ce2(Fe, Co, Ni)14B reduced significantly due to the formation of other phases. 















(x=1.36) at 900°C. Traces of Ce2(Fe, Co, Ni)14B were no longer observed in the alloy 
containing 12 at.% Ni, and Ce(Co, Fe, Ni)4B became the dominating phase.  
The influence of Ni on the lattice parameters of Ce2Fe12.98-xCo1.02NixB is illustrated in 
Figure 5. The substitution of Fe by Ni, which has a smaller atomic radius, leads to a 
decrease in the unit cell parameters and the lattice volume. This is confirmed by the 
increase in 2θ values of the peak positions due to an increase in Ni concentration. The 
linear relations between the lattice parameters, lattice volume, and Ni concentration obey 
Vegard’s law [31], thereby indicating the occurrence of substitutional solid solubility in 
Ce2Fe12.98-xCo1.02NixB. 
 
(a)                                                                          (b) 
Figure 5. Cell parameters (a) a and c; and (b) lattice volume V versus Ni concentration in 
Ce2Fe12.98-xCo1.02NixB. 
The intrinsic magnetic properties of Ce2Fe12.98-xCo1.02NixB are summarized in Table 4. 
Curie temperature of Ni-doped Ce2Fe12.98Co1.02B is improved; whereas, the saturation 
magnetization and the anisotropy field have diminished with the Ni substitution. The 
compositional dependence of saturation magnetization, anisotropy field, and Curie 
temperature of Ce2Fe12.98-xCo1.02NixB are plotted as red triangles in Figure 6, where the 
red dotted lines are an approximate fit of the data. 
Table 4. Intrinsic magnetic properties of Ce2Fe12.98-xCo1.02NixB. 
Key alloy Global composition (at.%) 











Ce2Fe12.98-xCo1.02NixB Ce14.6Fe72.8Co6.7B5.9 0 0 140.1 29.3 234 
KA 8 Ce14.5Fe73.1Co6.1Ni0.5B5.8 0.7 0.12 135.2 26.6 261 















KA 10 Ce15.1Fe67.1Co6.8Ni3.1B7.9 3 0.51 124.8 24.5 278 
KA 11 Ce13.5Fe67.4Co6.4Ni5.4B7.3 5 0.85 115.7 23.8 293 
KA 12 Ce12.7Fe66.9Co6.5Ni7.3B6.6 7 1.19 113.3 22.6 297 
 
A drop of the Ms value is observed at a rate of 3.82 emu/g per 1 at.% Ni as shown in 
Figure 6 (a), which indicates that Ni additive is detrimental to the saturation 
magnetization of Ce2Fe12.98Co1.02B. A similar phenomenon was also observed by Bolzoni 
et al. [9]. They analyzed three Ni-doped Nd2Fe14B alloys, where the Ms value was 
reported to drop from 187 to 180 emu/g at 77K after dissolving around 6 at.% Ni. Ni 
reducing the saturation magnetization of Nd2(Fe1-yNiy)14B was explained by the electron 
transfer between Ni and Nd [12]. Ni prefers to substitute Fe at the 16k2 and 8j2 sites 
simultaneously in Nd2(Fe1-yNiy)14B [32]. The large electronegativity difference between 
Ni and rare earth atoms [33], and the 16k2 site occupancy by Ni atoms both result in 
considerable electron transfer, which thereby leads to the hybridized state commonly 
observed in RE-Ni compounds [34]. In Nd2(Fe1-x-yCoxNiy)14B. The 8j2 site is separated 
from the Nd-B layers by the iron atomic layer as can be seen in Figure 4. Hence, the 
electron transfer does not take place after the Ni occupancy and the saturation 
magnetization of Nd2(Fe1-x-yCoxNiy)14B is only affected by the Co content and the 
occupancy of Co atoms at this site [35]. In our case, the double substitution of Co and Ni 
for Fe atoms could further impact the electron transfer in the crystal. In Ce2Fe12.98-
xCo1.02NixB, 8j2 site has been largely occupied by Co atoms, which leads to the gradual 
occupancy of Ni atoms at 16k2 site during the substitution. Since the occupancy of Ni at 
8j2 site does not affect the saturation magnetization, as significantly more Ni atoms 
occupy 16k2 site, certain amount of electron transfer occurs, and the saturation 
magnetization of Ce2Fe12.98-xCo1.02NixB decreases monotonously with Ni as shown in 
Figure 6 (a).  
Ni has a low anisotropy constant K1 of -5.7×103 J/m3, which is far lower than that of Fe 
(48×103 J/m3) and Co (461×103 J/m3) at room temperature [36]. Thus, Ni substitution for 
Fe could reduce the effective magneto-crystalline anisotropy of Ni-doped 
Ce2Fe12.98Co1.02B. The compositional dependence of the anisotropy field at 25°C is 
shown in Figure 6 (b). The Ha value of Ce2Fe12.98Co1.02B before Ni substitution was 















anisotropy field of Ni-doped Ce2Fe12.98Co1.02B. The decrement rate of Ha is determined as 
0.96 kOe per 1 at.% Ni. Similarly, Bolzoni et al. [9] found that Ha of Nd2Fe14-xNixB 
(1≤x≤3) decreased with the influence of Ni at 293 K.  
Ni substitution enhances the Curie temperature of Nd2Fe14-xNixB [9]. For the current 
Ce2Fe12.98-xCo1.02NixB, substitution of Ni for Fe increases the Curie temperature 
significantly, which indicates that the magnetic interactions are highly improved by Ni. 
The Tc of Ce2Fe12.98-xCo1.02NixB is improved from 234°C to around 297°C after doping 
with 7 at.% Ni (x=1.19) as can be seen in Figure 6 (c). The increment rate of Tc is 
approximately 9°C per 1 at.% Ni. An overall enhancement of Curie temperature could be 
observed for Ce2Fe12.98-xCo1.02NixB in Figure 6 (c). In general, Ce2Fe12.98-xCo1.02NixB 
(x=0.12) has the optimum intrinsic magnetic properties, because it has the highest Ms 
value (135.2 emu/g) among the Ni-containing alloys with moderate Ha (26.6 kOe) and Tc 
(261°C) among all Ni-doped Ce2Fe12.98Co1.02B. 
 

















Figure 6. Compositional dependence of (a) saturation magnetization; (b) anisotropy field; 
(c) Curie temperature of Ce2Fe12.98-x-yCo1.02NixCuyB. The thickness of Nd2Fe14B line 
represents the variation in the literature data 
Cu normally locates at the intergranular regions. Through pinning the domain wall 
movement, Cu is an essential additive that influences the extrinsic magnetic properties of 
Nd-Fe-B [37]. Therefore, Cu effects on the intrinsic magnetic properties of Ce2(Fe, 
Co)14B have to be understood first, especially because this information is scarce in the 
literature. The Fe-Cu and Co-Cu binary systems are characterized by the presence of a 
liquid-liquid miscibility gap [38, 39], which leads to the fact that very limited Cu could 
dissolve in the Fe-rich or Co-rich Ce-Fe-Co-B compounds. Key alloys were designed by 
varying Cu content in the global compositions of Ce2Fe12.98-xCo1.02CuxB alloys. The 
maximum solid solubility of Ce2Fe12.98-xCo1.02CuxB was determined as 0.8 at.% Cu 
(x=0.136) at 900°C. The intrinsic magnetic properties of Ce2Fe12.98-xCo1.02CuxB (x=0.136) 
are discussed below.  
When Ce2Fe12.98-xCo1.02CuxB contained 0.8 at.% Cu (x=0.136), the Curie temperature 
increased up to 318°C. Meanwhile, the saturation magnetization and the anisotropy field 















As compared to Ce2Fe12.81Co1.02Ni0.17B which contains similar Ni content as that of Cu, it 
is obvious that Cu is much more effective in improving Curie temperature than Ni. By 
doping with Cu, the Tc of Ce2Fe12.844Co1.02Cu0.136B is observed to be higher than that of 
Ni-doped Ce2Fe12.81Co1.02Ni0.17B, while the Ms and Ha values of these two compounds 
were close to each other as can be seen in Table 5 and Figure 6.  
Table 5. Intrinsic magnetic properties of Ce2Fe12.98-xCo1.02CuxB. 
Key alloy Global composition (at.%) 










Ce2Fe12.98-xCo1.02CuxB Ce14.6Fe72.8Co6.7B5.9 0 0 140.1 29.3 234 
Ce2Fe12.81Co1.02Ni0.17B Ce14.8Fe73.9Co5.9Ni1.2B4.2 0 0 128.0 25.7 271 
KA 13 Ce13.2Fe71.6Co6.3Cu1.1B7.8 0.8 0.136 133.6 23.7 318 
3.4. The combined effects of Ni and Cu on intrinsic magnetic properties of 
Ce2Fe12.98-x-yCo1.02NixCuyB 
The effects of substituting Fe by both Ni and Cu on the intrinsic magnetic properties of 
Ce2Fe12.98Co1.02B were also studied. Six Ce2Fe12.98-x-yCo1.02NixCuyB alloys were prepared 
by keeping the Co content constant at 6 at.%. The contents of Ni and Cu, however, varied 
in the global compositions as listed in Table 6. Dominating Ce2Fe12.98-x-yCo1.02NixCuyB is 
obtained in all alloys after the process of annealing at 900°C for 25 days. The Cu overall 
content was varied in six alloys from 0.7 to 2.8 at.%. Cu solubility in this compound was 
measured using WDS point analysis on several locations and the average value was 
reported. In all of the six samples, the maximum Cu solubility was 0.8 at.% in Ce2Fe12.98-
x-yCo1.02NixCuyB. This is also consistent with the results of the Cu-doped 
Ce2Fe12.98Co1.02B which are discussed in the previous section.  
The intrinsic magnetic properties of Ce2Fe12.98-x-yCo1.02NixCuyB are summarized in Table 
6. It is noticeable that the saturation magnetization and the Curie temperature are 
improved, while the anisotropy field drops after the double substitution. The optimum 
intrinsic magnetic properties of Ce2Fe12.98-x-yCo1.02NixCuyB were observed to be as 
follows: Ms=152.6 emu/g, Ha=24.9 kOe and Tc=281°C, at Ni=1.2 at.% (x=0.204) and 
Cu=0.7 at.% (y=0.119). The intrinsic magnetic properties of (Ni, Cu)-doped 
Ce2Fe12.98Co1.02B were also compared with the Ni-doped and the Cu-doped 
Ce2Fe12.98Co1.02B compound as well as with Nd2Fe14B, which have been depicted in 















0.6 to 0.8 at.%. For the purpose of comparison, the Cu contents dissolved in all the 
Ce2Fe12.98-x-yCo1.02NixCuyB solid solutions are considered to be 0.7 at.% (y≈0.119) in 
Figure 6. The intrinsic magnetic properties of Nd2Fe14B, dopant-free Ce2Fe14B and 
dopant-free Ce2Fe12.98Co1.02B are also inserted using pink, green and brown lines in 
Figure 6. They represent benchmarks to measure the improvement in the magnetic 
property improvement after doping with Ni and/or Cu.  
Table 6. Intrinsic magnetic properties of Ce2Fe12.98-x-yCo1.02NixCuyB. 
Key alloy  Global composition (at.%) 
Ni content in 
Ce2Fe12.98-x-
yCo1.02NixCuyB 











at.% x at.% y 
Ce2Fe12.98Co1.02B Ce14.6Fe72.8Co6.7B5.9 0 0 0 0 140.1 29.3 234 
KA 14 Ce13.1Fe71.6Co6.1Ni0.3Cu2.8B6.1 0.3 0.051 0.8 0.136 147.3 24.2 285 
KA 15 Ce10.3Fe74.9Co6.0Ni0.5Cu2.6B5.7 0.6 0.102 0.8 0.136 155.1 22.9 283 
KA 16 Ce15.1Fe71.8Co5.8Ni0.9Cu2.1B4.3 1.2 0.204 0.7 0.119 152.6 24.9 281 
KA 17 Ce11.2Fe73.8Co7.8Ni1.3Cu1.7B4.2 1.7 0.289 0.7 0.119 140.7 23.8 278 
KA 18 Ce14.8Fe68.0Co6.3Ni1.9Cu1.2B7.8 2.2 0.374 0.7 0.119 138.1 23.5 282 
KA 19 Ce13.7Fe68.8Co6.1Ni2.2Cu0.7B8.5 2.4 0.408 0.6 0.102 142.2 24.6 281 
Figure 6 (a) shows the saturation magnetization of Ce2Fe12.98-x-yCo1.02NixCuyB in the 
range of 0≤x≤0.41, y≈0.119. In general, the Ms of (Ni, Cu)-doped Ce2Fe12.98Co1.02B is 
seen to be higher than that of Ni-doped or Cu-doped Ce2Fe12.98Co1.02B but still inferior to 
Nd2Fe14B. It first increases with Ni substitution, when Ni content is below 0.6 at.% 
(x≤0.102). Then, Ms drops at a rate of 9.4 emu/g per 1 at.% Ni after doping with Ni 
between 0.6 at.% and 2.4 at.% (0.102≤x≤0.408). Since the Cu content in Ce2Fe12.98-x-
yCo1.02NixCuyB does not vary considerably, such a decline in the value of Ms may be due 
to the different site occupancies of Ni at Fe sites. So far, the combination of Ni and Cu 
demonstrates a significant improvement in the saturation magnetization.  
The anisotropy field of Ce2Fe12.98Co1.02B drops after the individual substitution of Ni or 
Cu for Fe atoms as shown in Table 6 and Figure 6 (b). Through the combined substitution 
of both Ni and Cu in Ce2Fe12.98-x-yCo1.02NixCuyB in the range of 0≤x≤0.41, y≈0.119, the 
Ha did not change significantly and appeared to be constant at around 23.5 kOe. It is 
worth noting that both individual and combined substitution have a similar influence on 
the anisotropy field and the results are comparable to each other, but in fact, they are 
lower than that of dopant-free Ce2Fe12.98Co1.02B, dopant-free Ce2Fe14B and much lower 















By dissolving around 0.8 at.% Cu (x=0.136) in Ce2Fe12.98-xCo1.02CuxB, the highest Curie 
temperature of 318°C is achieved. It shows a significant increase as compared to the 
234°C of dopant-free Ce2Fe12.98Co1.02B and 151°C [16] of dopant-free Ce2Fe14B. After 
the combined substitution of Ni and Cu, the Tc of Ce2Fe12.98-x-yCo1.02NixCuyB is measured 
to be around 282±3°C which is similar to the Tc of Ni-doped Ce2Fe12.98Co1.02B at 
0.51≤x≤1.19 and Nd2Fe14B, but lower than that of Cu-doped Ce2Fe12.98Co1.02B as can be 
seen in the Figure 6 (c). Nevertheless, the Tc of (Ni, Cu)-doped Ce2Fe12.98Co1.02B 
increased almost 50°C compared to that of dopant-free Ce2Fe12.98Co1.02B.  
4. Conclusions 
In this research, the intrinsic magnetic properties of Ce2Fe14-xCoxB (x≤4.76) were studied 
at 25°C. From the current investigation, the substitution of Co for Fe in the Ce2Fe14B 
enhances the Ms and Tc values. Whereas the Ha decreases proportionally with Co 
concentration. The crystal structure refinement of Ce2Fe14-xCoxB reveals that Co atoms 
show a preferred occupancy at 8j2 site. After this site is fully occupied, Co atoms start 
occupying 16k2, 4e and 16k1 sites, consecutively. The occupancy of Co at different sites 
is found to be related to the saturation magnetization of Ce2Fe14-xCoxB where the rate of 
increase in Ms drops after the 8j2 site is fully occupied. The highest values of Ms and Tc 
of Ce2Fe14-xCoxB are measured to be 155.1 emu/g and 467°C, at 28 at.% Co (x=4.76). 
However, the highest Ha is determined as 29.3 kOe, at 6 at.% Co (x=1.02). The 
substitution of Ni or Cu alone for Fe is unfavorable to the Ms and Ha values of 
Ce2Fe12.98Co1.02B. However, the Tc of Ce2Fe12.98Co1.02B can be further improved through 
substituting by either of these two additives. In the case of Ni substitution, the highest Ms 
and Ha are found to be 135.2 emu/g and 26.6 kOe with Tc of 261°C, after doping with 0.7 
at.% Ni (x=0.12). In contrast, when Cu is doped alone, the Ms and Tc are determined as 
133.6 emu/g and 318°C with Ha of 23.7 kOe after dissolving 0.8 at.% Cu (y=0.136) in 
Ce2Fe12.98-yCo1.02CuyB. A combination of Ni and Cu leads to an enhancement in Ms of 
Ce2Fe12.98-x-yCo1.02NixCuyB (0.051≤x≤0.204, y≈0.119) which is measured to fall in the 
range between 147 emu/g and 155 emu/g, with Ha and Tc measured to be close to 24 kOe 
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• Both Ms and Tc of Ce2Fe14-xCoxB increase with Co content, while the Ha 
diminishes  
• Ms of Co-doped Ce2Fe14B is related to the site occupancy of Co atoms 
• Ni or Cu enhances Tc of 6 at.% Co-containing Ce2Fe14B, but decreases both Ms 
and Ha  
• Combined substitution of Ni and Cu improves Ms and Tc of 6 at.% Co-containing 
Ce2Fe14B 
• The highest Tc obtained in this work is around 150°C higher than that of Nd2Fe14B 
